Abstract: Constitutive model of materials is one of the most requisite mathematical model in the finite element analysis, which describes the relationships of flow behaviors with strain, strain rate and temperature. In order to construct such constitutive relationships of ultra-high-strength BR1500HS steel at medium and low temperature regions, the true stress-strain data over a wide temperature range of 293-873 K and strain rate range of 0.01-10 s −1 were collected from a series of isothermal uniaxial tensile tests. The experimental results show that stress-strain relationships are highly non-linear and susceptible to three parameters involving temperature, strain and strain rate. By considering the impacts of strain rate and temperature on strain hardening, a modified constitutive model based on Johnson-Cook model was proposed to characterize flow behaviors in medium and low temperature ranges. The predictability of the improved model was also evaluated by the relative error (Wð%Þ), correlation coefficient (R) and average absolute relative error (AARE). The R-value and AARE-value for modified constitutive model at medium and low temperature regions are 0.9915 & 1.56 % and 0.9570 & 5.39 %, respectively, which indicates that the modified constitutive model can precisely estimate the flow behaviors for BR1500HS steel in the medium and low temperature regions.
Introduction
In recent years, under the background of worldwide energy crisis and environment pressure, the light weight design on the premise of safety guarantee becomes more important in global vehicle industry, which induces wide spread use in high-strength (HSS) and ultra-high-strength steels (UHSS). The application of ultra-high-strength steels (UHSS) makes it possible to reduce material thicknesses and thus the weight reduces to about 70 %. Nevertheless, it is well known that the formability of a material with higher strength deteriorates, and even its springback degree grows rapidly at room temperature. Therefore, a hot stamping process [1, 2] in the austenite temperature region followed by closed water-cooled-die quenching is employed for fabricating structural components having strength of 1,500 MPa or more. In the hot stamping process, firstly, the sheet is heated to austenitizing temperature and above, secondly, held at this temperature for sufficient time to austenite completely, thirdly, quickly transferred to the die to stamped, finally, the synchronous water cooling system goes into a quenching operation as soon as stamping is ended. It is well accepted that when the sheet is formed, its strength is improved by the transformation from austenite to martensite [3] , meanwhile the spring-back is overcome. However, it is worth emphasizing that the actual phase compositions of sheet are multiple involving martensite, bainite, pearlite and ferrite. This is attributed to the fact that the temperature field of deformed hot stamping blank is heterogeneous, which implies that the sheet would be formed at high temperature, medium temperature, and even low temperature.
Consequently, construction of a realistic finite element model for such process must consider the constitutive model at different temperature ranges including elevated, medium and low temperature regions. Moreover, an accurate constitutive model is the essential supporting condition to precisely construct the finite element analysis model, which was proposed to describe the characteristics of flow behavior. The flow behaviors of material have great effect on the formability and deformed performance during hot forming. Therefore, it is necessary to conduct the constitutive relationships of BR1500HS boron steel at different temperature regions to model a realistic thermo-mechanical coupled finite element model for hot stamping, which provides the basis stress-strain data for accurate numerical simulation.
So far, a large number of researches on the characterization for complex non-linear relationship between true stress and deformed parameters involving strain, strain rate and temperature at elevated temperatures have been proposed. Numerous efforts have been made to two types of constitutive models involving mathematical [4] [5] [6] [7] [8] and phenomenological ones [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The mathematical constitutive model have relatively many coefficients that need to be calibrated with experimental data such as the artificial neural network (ANN) [4, 20] and back-propagational artificial neural network (BP-ANN) [4] [5] [6] [7] [8] . Nevertheless, it is difficult to inset the ANN or BP-ANN models in numerical simulation. On the other hand, the phenomenological constitutive model is proposed on a series of assumptions, which can be expressed as the functions of the forming temperature, strain and strain rate to consider the effects of these forming parameters on flow behavior of metals or alloys. The notable feature of such phenomenological constitutive model is that the less number of material coefficients need to be calculated. Among these phenomenological models, Johnson-Cook (JC) model proposed firstly by Johnson and Cook [21] . The Johnson-Cook material model is perhaps one of the most widely used models due to the simple and effective form [22] . Additionally, the Johnson-Cook model has been successfully incorporated in finite element analysis packages to describe the hot deformation behavior of materials [15] . Lin et al. [14, 23] , Li et al. [15, 16] , Zhan et al. [17] proposed a modified Johnson-Cook model to describe the tensile behaviors of Al-Cu-Mg alloy, high-strength alloy steel, 28CrMnMoV, T24 steel and 7050-T7451 aluminum alloy, which showed a better agreement with the experimental results by verifications. Although the Johnson-Cook model has been widely used, there were few reports about the research on the Johnson-Cook model for ultra-high-strength BR1500HS steel. In order to provide the basis stress-strain data for accurate numerical simulation, the Johnson-Cook model was applied in this work and the revised constitutive model based on Johnson-Cook was developed to characterize the rheological behavior of ultra-highstrength BR1500HS steel.
In this study, isothermal uniaxial hot tensile tests of ultra-high-strength steel BR1500HS were implemented at different temperatures and different strain rates to attain the stress-strain data to further model the constitutive equation. The original Johnson-Cook model was calculated at the medium temperatures regions, however, by comparing the predicted data with the experimental ones, the result shows distinct deviation between them. Therefore, the modified constitutive models based on the Johnson-Cook model were proposed to characterize the rheological behaviors at medium and low temperature regions respectively, which considered the couple effect among strain, strain rate and temperature on the flow characteristics, and the impact of strain rate and temperature on the material coefficients. Finally, the validity of the revised model was examined by relative error (Wð%Þ), correlation coefficient (R) and average absolute relative error (AARE) for the entire experimental range.
Experimental procedures
The detailed chemical compositions (wt. %) of ultra-highstrength steel BR1500HS were listed in Table 1 . According to ASTM Standard: E8M, a series of isothermal uniaxial hot tensile tests were implemented. The geometry of the sample with initial thickness of 1.8 mm is illustrated in Figure 1 (dimensions in millimeters). In the isothermal uniaxial hot tensile tests, a thermo-mechanical simulator, Gleeble-3500, with a high speed heating system, a servo hydraulic system, a digital control system and a data acquisition system, was applied. In order to provide signals for accurate feedback control of a proposed temperature, before a test two thermocouple wires were welded on two spots at the mid-span of each specimen. In the following, each specimen was resistance heated to 1,223 K with the heating rate of 5 K/s and held for 240 s by a thermo-coupled-feedback-controlled AC current, aiming to obtain a uniform temperature field. Subsequently, each sample was cooled at 20 K/s to the tensile temperature and held for 10 s. Then, the specimens were stretched at the proposed tensile temperatures (293 K, 373 K, 473 K, 673 K, 773 K, 873 K) and the constant strain rate (0.01 s −1 , 0.1 s −1 , 1 s −1 and 10 s −1 ). After each tensile test, the deformed specimen was immediately quenched into water to retain the high temperature microstructures. The detailed experimental procedures of isothermal hot tensile tests are showed in Figure 2 . Table 1 : Chemical compositions of BR1500HS (wt. %).
In these tensile tests, a computer control automatic data acquisition system was used to monitor the nominal stress and nominal strain continuously, and afterwards these data were converted into homologous true stress and true strain according to the formulae: σ T = σ N 1 + ε N ð Þ and ε T = ln 1 + ε N ð Þ [24] [25] [26] , where ε N is the nominal strain, σ N the nominal strain, σ T the true stress, and ε T the true strain.
Flow behavior characteristics
The true stress-strain data of ultra-high-strength steel BR1500HS sheet were measured by a series of isothermal hot tensile tests as shown in Figures 3 and 4 . The true stress-strain data at necking stage and fracture stage have been removed, and all the experimental data acquired in the dynamic tensile tests were treated with the Savitzky Golay filtering method [27] . As expected, stress-strain relationships are highly non-linear, and highly susceptible to three parameters involving temperature, strain and strain rate. By comparison one of stress-strain curve with another, it can be summarized that the stress level decreases with temperature increasing or strain rate decreasing. From the true stress-strain curves in Figure 3 , at the temperature range of 673 K to 873 K, it can be seen that the flow stress exhibits a rapid increase with strain increasing at the initial stage, where the work hardening predominates. Afterwards, flow stress tardily increases to the peak value due to the fact that dynamic recovery gets more prominent [12, 14] . Differently, Figure 4 shows the true stress-strain curves at the temperature of 293 K, 373 K and 473 K. It is noted that the deformed resistance obviously increases with the deformed degree increasing. This is because the tensile forming at the temperature of 293 K, 373 K and 473 K belong to cold deformation, which work hardening predominates during the forming of material. It is obviously found that the flow behaviors exhibit different characteristics at different temperature regions. According to results of the thermal dilation tests [28] , it is found in Figure 5 that the diffusion-type phase transformation occur at the temperature range of 673-873 K, while the non-diffusion-type phase transformation occur at the temperature range of 293-473 K. This means that the specimens have different microstructures at diverse temperatures. Therefore, it is necessary to respectively construct the constitutive model at the medium temperature regions (673-873 K) and low temperature (293-473 K). 
Constitutive equations for ultra-high-strength steel BR1500HS
The original Johnson-Cook model at medium temperature region
Johnson-Cook (JC) model is an empirically based constitutive model for metals and has been widely used for a variety of materials with large strains, high stain rates [21] . According to the original Johnson Cook model, the flow stress is expressed as Eq. (1) [29] :
where σ is the equivalent flow stress, ε is the equivalent plastic strain,
is the dimensionless strain rate with _ ε being the strain rate and _ ε 0 being the reference strain rate, T* is the homologous temperature and expressed as
Tm − T0 with T being the current temperature, T 0 being the reference temperature and T m being the melting temperature, A is the yield stress at a given reference temperature and a given reference strain rate, B is the coefficient of strain hardening, n is the strain hardening exponent, C, D, m and k are the material coefficients. Additionally, it can be found that strain strengthening, strain rate hardening and thermal softening on the material strength are described as a multiplication form in the right side of eq. (1).
As the previous description, the true stress-strain curves according to the data obtained by the Gleeble-3500 simulator at the medium temperature range of 673-873 K are shown in Figure 3 . Here, in order to acquire the material constants, the true stress-strain curves at 293 K were also exhibited in Figure 4 . It is assumed that the coefficients of material are considered as invariable parameters with temperature and strain rate varying in Johnson-Cook model. The material constants in the Johnson-Cook constitutive model can be calculated progressively based on the true stress-strain curves at plastic deformation domain by the following steps.
Determination of coefficients A, B and n
In order to obtain the material constants, the values of T 0 = 293K and _ ε 0 = 0.01 s −1 are selected as the reference temperature and strain rate, and the eq. (1) can be expressed as eq. (2):
At the quasi static experimental conditions, the least square method is used to fit the plastic deformation data selected at strain of 0.06 to 0.45 in strain-stress curve by the numerical analyzed software MATLAB. Meanwhile the material coefficientsA, Band n can be acquired, whose values are -148.7776, 871.9790 and 0.2687 respectively. The fitting curve is exhibited in Figure 6 and the determination coefficient R 2 is 0.9986, which means that the fitting curve can be predicted 99.86 % of the change of response variable.
Determination of coefficients C and m
At the ambient temperature, the eq. (1) could be described as eq. (3)
In eq. (3), the material coefficients A, Band n have been obtained above, A = − 148.7776, B = 871.9790 and n = 0.2687. After that, taking natural logarithm on both sides of eqs (3) and (4) can be expressed as follows:
The material constants C and m can be obtained (C = 0.030395, m = 0.93329) based on the experimental data at strain 0.06 to 0.45 at temperature of 293 K and strain rates of 0.1 s −1 and 1 s −1 by linear fitting method, and the relationship between lnðσ=ðA + Bε n Þ − 1Þ and lnðln _ ε*Þ is shown in Figure 7 . Similarly, the value of determination coefficient R 2 is 0.9626 and a high R 2 -value close to 1 illustrates that the fitting values conform to the experimental ones well. 
Determination of coefficients D and k
In order to calculate the coefficients D and k, eq. (1) can be described as eq. (5):
Equation (6) can be rewritten as the following formula by taking a logarithm transformation of both sides of eq. (5):
By substituting the flow stresses corresponding to three temperatures at different strain rate, the relationships
and ln ½T * can be acquired as shown in Figure 8 . It is generally known that the k-value can be identified from the slope of the linear fitting line and the average value of k was evaluated. In conclusion, the material constants of the original JC model for BR1500HS steel are exhibited in Table 2 .
Comparisons between the measured and predicted flow stress
By substituting the parameters listed in Table 2 into the eq. (1), the flow stress data for studied steel were (a) (b)
Experimental 
and ln½T * at the strain rates of: (a) _ ε = 0.01s
predicted at different conditions. The comparisons between the experimental results and predicted results by original JC model are shown in Figure 9 . Apparently, the degree of deviation between the predicted results and the experimental results can be intuitively observed in Figure 9 , which indicates that the original JC model cannot be used to predict the flow stress at medium temperature range for ultra-high-strength steel. Currently, on the principles of original JohnsonCook model, it is supposed that the material experiences the strain hardening, strain rate hardening and thermal softening simultaneously during the plastic deforming, and original JC model assumes such three phenomena are independent. Nevertheless, strain rate hardening and thermal softening have a significant impact on the strain hardening. In other words, such three phenomena are interactive and they synthetically influence on the flow stresses during forming. On the other hand, the original JC model proposes that the material constants A, B and n are the invariable, which are irrelevant with the temperature and strain rate. Actually, the material coefficient A is relative to the temperature and strain rate according to the true stress-strain curves showed in Figures 3 and 4 . Furthermore, the strain hardening is influenced by the temperature and strain rate. By that analogy, the original JC model cannot characterize precisely the flow behavior at low temperature region due to the drawback. Consequently, an improved constitutive model needs to be developed to accurately describe the rheological behavior for ultra-high-strength steel (UHSS) at medium and low temperature regions. In this section, the modified constitutive model based on Johnson-Cook model was proposed, which simultaneously considered the coupling influence among strain, strain rate and temperature on the flow stress, and the effects of temperature and strain rate on material coefficients. The modified constitutive model with variable parameters was shown as eq. (7). Here, the modified model is a piecewise function. For the first portion, it is represented the yield stress while the strain attains to the yield strain. For the second portion, it is represented the stress corresponding to the strain greater than yield strain. Based on the characteristics of flow behavior at the temperature of 293 K to 873 K as shown in Figures 3 and  4 , in this study the calculation of modified constitutive model is divided into two temperature ranges, one is the medium temperature region (673 K, 773 K and 873 K), where the other is the low temperature region (293 K, 373 K and 473 K).
where ε 0 is yield strain, referring to the strain while the stress reaches to yield stress of material (the strain value of 0.002 was determined by Young's modulus and true stress-strain [23] ), f 1 _ ε , T ð Þ is the yield strength, which is the function of strain rate and temperature, f 2 _ ε , T ð Þ and f 3 _ ε , T ð Þ are the material constants, which are also the function of strain rate and temperature.
The modified constitutive model at medium temperature region
As mentioned above, the stress data were chosen at the strain of 0.002 since the elastic deformation need to be neglected in proposed constitutive model. After that, the data at different strain rates and temperatures were fitted by polynomial regression analysis on the basis of the numerical analysis software MATLAB and the f 1 ð_ ε , TÞ expressed as eq. (8), while the fitting surface and experimental data are exhibited in Figure 10 . The coefficients of function are listed in Table 3 . Meantime, the analysis of variance for f 1 ð_ ε , TÞ at the strain of 0.002 was listed in Table 4 to 
where a, b, c, d, e, f , g, h, i and j are the coefficients of function, x is the dimensionless strain rate and express as
, y is the dimensionless temperature and expressed as T=T 0 . Here, T 0 = 293K and _ ε 0 = 0.001s
(2) Determination of f 2 ð_ ε , TÞ and f 3ð_ ε , TÞ At plastic deformation stage, the eq. (7) could be expressed as eq. (9) and take the natural logarithm on both side of eq. (9) to attain eq. (10). and the corresponding flow stress into eq. (10), the relationship between ln σ and lnε can be achieved as shown in Figure 11 and the determination coefficient R 2 have been exhibited in each figures. It can be obviously Figure 11 : The relationships between ln σ-ln ε under different temperatures and strain rates. Tables 5 and 6 . Then, the response surfaces between values of f 2 ð_ ε , TÞ and f 3 ð_ ε , TÞ with strain rate and temperature were attained respectively as shown in Figure 12 . Accordingly, the explicit functions of f 2 ð_ ε , TÞ and f 3 ð_ ε , TÞ are achieved and expressed as eqs (12) and (13) respectively and the relevant coefficients are listed in Table 7 . Similarly, the analysis of variance for f 2 ð_ ε , TÞ and f 3 ð_ ε , TÞ (as shown in Table 8 ) was calculated to evaluate the reliabilities of fitting surfaces and it shows that the fitting equations have a high relativity. Figure 11 : (continued) where a, b, d, e, f , g, h, i and j are the coefficients of function, x is the dimensionless strain rate and express as lnð _ ε _ ε0 Þ, y is the dimensionless temperatu re and expressed as T=T 0 . Here, T 0 = 293K and _ ε 0 = 0.001s − 1 .
Evaluation of the modified constitutive model at medium temperature region
According to the results calculated above, the predicted flow stress can be attained, furthermore comparisons between the measured data and predicted data are shown in Figure 13 . Distinctly, an improved predicted accuracy between measured results and predicted results with the modified constitutive model than the original Johnson-Cook model was observed. This implies that considering the effects of strain rate and temperature on material constants at the medium temperature is feasible and effective.
To synthetically estimate the prediction capability of modified constitutive model, the relative error (Wð%Þ) between the predicted stress and measured stress was introduced, the equation is shown in eq. (13) . (13) where σ p is the predicted flow stress, σ m is the measured flow stress. The data of measured flow stress and predicted stress at different strain rates and temperatures are calculated and listed in Table 9 . It can be easily found that the maximum relative error in the flow stress evaluation is only -5.998 %. In addition, two commonly used statistical indicators of the correlation coefficient (R) and average absolute relative error (AARE) are introduced to check the ability and the predictability of the modified constitutive model, which are expressed by eqs (18) and (19) [8] . R is a numerical value between −1 and 1 that expresses the strength of the linear relationship between two variables. A high R-value close to 1 illustrates that the predicted values conform to the experimental ones well. A value of 0 indicates that there is no relationship. Table 7 : Fit results of f 2 ð _ ε , T Þ and f 3 ð _ ε , T Þof BR1500HS steel at middle temperature ranges. Value close to −1 signal a strong negative relationship between the two variables. The average absolute relative error (AARE) is also computed through a term-by-term comparison of the relative error and thus is an unbiased statistical parameter to measure the predictability of a model [8] . Meanwhile, a low AARE-value close to 0 indicates that the sum of the errors between the predicted and experimental values tends to be 0.
where E i is the sample of experimental value and P i is the sample of predicted value. E is the mean value of experimental sample values, P is the mean value of predicted sample values, and N is the number of data which were employed in the investigation. The correlation relationships between the experimental and respectively predicted true stress by modified constitutive equation was illustrated in Figure 14 . It is discovered that the points in Figure 14 , which take experimental true stress as horizontal axis and predicted true stress as vertical axis, lie fairly close to the best linear fitted line, suggesting that the predicted stressstrain values conform very well to the homologous experimental ones. Besides, the R-value for the predicted true stress of modified constitutive is 0.9915, from another quantitative perspective proving the strong linear relationships between the predicted and experimental true stress. Additionally, the AARE-values relative to the experimental true stress was calculated by eq. (15) and exhibited in Figure 14 . According to the calculation results, it is manifest that the AARE-value for the modified model at medium temperature region is 1.56 %. Lower AARE-value means a smaller deviation on the whole; therefore, the modified model has high accuracy in predicting the true stress of BR1500HS.
The modified constitutive model at low temperature region
(1) Determination of f 1 ð_ ε , TÞ Similar to the Section 4.2.1, the stress data were chosen at the strain of 0.002, too. Afterwards, the data at different strain rates and temperatures were fitted by polynomial regression analysis by software MATLAB and the f 1 ð_ ε , TÞ expressed as eq. (16). The coefficients of function are listed in Table 10 while the fitting surface and experimental data are exhibited in Figure 15 . In order to assess the precision, the analysis of variance for f 1 ð_ ε , TÞ at low temperature regions was shown in Table 11 . The results of analysis show that the fitting results are credible. 
R=0.9915

Data point Best linear fit Predicted values (MPa)
Experimental values (MPa) Figure 14 : The correlation relationships between the predicted and experimental true stress for the modified constitutive at medium temperature region. f 1 ð_ ε, TÞ = a + bx + cx 2 + dy + ey 2 + fy
where a, b, c, d, e, f , g, h, i and j are the coefficients of function, x is the dimensionless strain rate and express as lnð
Þ, y is the temperature T. Here, _ ε 0 = 0.001s
(2) Determination of f 2 ð_ ε , TÞ and f 3 ð_ ε , TÞ the relationship between ln σ and lnε can be acquired as shown in Figure 16 . Obviously, the slope of curve was regards as the value of f 3 ð_ ε , TÞ can be identified from the slope of linear line, where the value of ln f 2 ð_ ε , TÞ is identified from the intercept of curve. As a result, the values of f 2 ð_ ε , TÞ and f 3 ð_ ε , TÞ can be calculated and showed in Tables 12 and 13 . The adjusted coefficient of determination R 2 for each condition was calculated and showed in Figure 16 , which was used to verify the reliability of fitting curves. Then response surfaces of f 2 ð_ ε , TÞ and f 3 ð_ ε , TÞ corresponding to strain rate and temperature were acquired severally as shown in Figure 17 . Meantime, the explicit functions of f 3 ð_ ε , TÞ and f 3 ð_ ε , TÞ are achieved and expressed as eqs (17) and (18) respectively, while the relevant coefficients are listed in Tables 14 and 15 . Similarly, the analysis of variance for f 2 ð_ ε , TÞ and Figure 16 : The relationships between ln σ-ln ε under low temperature region with diverse strain rates. f 3 ð_ ε , TÞat low temperature region for ultra-high-strength steel was conducted and as shown in Table 16 .
where a, b, c, d, e, f , g, h, i and j are the coefficients of function, x is the dimensionless strain rate and express as lnð _ ε _ ε0 Þ, y is the temperature T. Here, _ ε 0 = 0.001s − 1 .
Evaluation of the modified constitutive model at low temperature region
Based on the eq. (7) and the material coefficients acquired previously, the predicted flow stress can be attained at low temperature ranges. Accordingly, comparisons between the measured data and predicted data are shown in Figure 18 . It is clearly found that an improved predicted accuracy between predicted and measured results with the modified constitutive model was obtained, which revealed that the modified constitutive model can be used to accurately describe the flow behavior at low temperature region. In addition, the performance of the revised constitutive model is further evaluated by means of the relative error (Wð%Þeq. (13)), correlation coefficient (R) (eq. (14)) and average absolute relative error (AARE) (eq. (15)). Table 17 showed the values of relative error between predicted stress and measured stress under different strain Figure 16 : (continued). Table 13 : f 3 ð _ ε , T Þ value under low temperature range with different strain rates.
rates at low temperature range of 293 K to 473 K. It is evidently observed that the values of relative error vary in the range of -3.67 % to 8.62 %, which indicated the well precision of improved constitutive model was showed at low temperature regions for ultra-high-strength boron steel. Figure 19 shows the correlation relationships between the experimental and predicted true stress by modified constitutive at low temperature regions. It can be seen that the predicted stress values conform very well to the relevant experimental ones. Meanwhile, the R-value is 0.9570 and the AARE-value is 5.39 %, which implies that the modified constitutive model can accurately track the experimental data. 
Conclusion
The isothermal uniaxial hot tensile tests over a wide temperature range of 293-873 K and strain rate range of 0.01-10 s −1 for ultra-high-strength BR1500HS boron steel were implemented based on a thermo-mechanical simulator Gleeble-3500 to acquire the true stress-strain data. The original Johnson-Cook model and modified constitutive model were introduced to characterize the flow behavior at medium and low temperature regions. The main conclusions are listed as following:
(1) The flow stress decreases with temperature increasing or strain rate decreasing due to the phenomena of work hardening and dynamic recovery according to the true stress-strain data. Furthermore, the characteristics of flow behaviors are different between medium temperatures and low temperatures owing to the different microstructure in samples. (2) The results predicted by original Johnson-Cook model show a great deviation between the experimental results at medium temperature regions. This is due to the facts that the coupled impact of strain rate, strain and temperature on flow behavior and the effects of strain rate and temperature on the material coefficients are ignored. (3) The proposed modified constitutive model shows better agreement with experimental data of the flow stress at medium and low temperature regions. To estimate the predicted capability of revised model, the relative error (W (%)), the correlation coefficient (R) and average absolute relative error (AARE) were calculated. 
